1. Introduction {#sec1}
===============

Contamination of water bodies with Cr (VI) occurs from natural and anthropogenic sources, the later with an ever-increasing impact on it. The main anthropogenic sources of Cr (VI) include metallurgy, refractory, electroplating, and production of chromium-containing compounds, such as pigments, paints, catalysts, chromic acid, and tanning agents [@bib1].

Chromium occurs in the environment commonly as Cr (III) and Cr (VI) oxidation states, which have quite different chemical properties. Cr (VI) can be transformed to Cr (III) and vice versa depending on pH, the presence of oxidizing and reducing compounds, redox potential, the kinetics of the redox reactions, and the total chromium concentration in soil, water and atmospheric systems \[[@bib2], [@bib3], [@bib4]\].

Cr (VI) is a powerful oxidant and many of its compounds are very soluble in water that makes it easily bioavailable [@bib5]. Cr (VI) is the most toxic and its effects are carcinogenic \[[@bib6], [@bib7], [@bib8]\]; mutagenic [@bib9]; and teratogenic [@bib10] to humans and animals. Other most sensitive noncancer effects of Cr (VI) compounds are severe respiratory (nasal and lung irritation), gastrointestinal (irritation, ulcer of the stomach and small intestine), haematological (microcytic, hypochromic anaemia), liver, kidney and reproductive organs damage and malfunctions such as decrease in sperm counts in males \[[@bib11], [@bib12]\]. According to WHO [@bib13] drinking water guide line, the maximum permissible limit of Cr (VI) in potable water is 0.05 mg/L and USEPA [@bib14] set a maximum limit of discharge 0.1 mg L^−1^ Cr (VI) to inland surface waters. Consequently, the removal of Cr (VI) from water and wastewater is very critical.

Different conventional methods are used for removal of Cr (VI), such as chemical precipitation [@bib15], adsorption and filtration [@bib16], ion exchange \[[@bib17], [@bib18]\]; Electrocoagulation [@bib19], membrane separation [@bib20] and electrodialysis [@bib21]. However, these methods have some drawbacks such as low efficiency, high operating and maintenance cost, generate sludge causing disposal problems, or produce a secondary pollutant, which limits their applicability in the real situation [@bib22].

In comparison adsorption method is simple to operate, solves the challenge of sludge disposal, and an effective method for the removal of Cr (VI) and other heavy metals from aqueous solutions. Though extra care and handling is required for the proper management of the used adsorbents and recovery of heavy metals. Some studies have revealed that adsorbents like activated carbon are effective in removing of a wide range of contaminants from water and wastewater, but they are not cost effective \[[@bib23], [@bib24], [@bib25]\]. In view of its high cost there is continuing search for low cost potential adsorbents for the removal of Cr and other heavy metals from water and wastewater. An adsorbent is considered as a low cost if it requires little processing, abundant in nature and is a by-product or waste material resulting from an industry [@bib26]. Several low cost adsorbents including clays \[[@bib27], [@bib28], [@bib29], [@bib30]\], industrial by-products \[[@bib31], [@bib32]\], agricultural wastes \[[@bib33], [@bib34]\], biomass [@bib35], and polymeric materials [@bib36], and young vesicular volcanic rocks [@bib37] have been investigated for Cr (VI) removal.

Vesicular basalt rocks have unique properties as described below that deserve further investigation Vesicular basalt is a volcanic rock formed by rapid cooling of lava on the earth\'s surface. Pumice and scoria are the most abundant vesicular basalt rock types. Pumice is a white or grey finely porous rock frothy with air bubbles and rich in silica (felsic) whereas Scoria is texturally macrovesicular and more denser than pumice,silica-deficient (mafic) rock owning different colours ranging from red to black depending on its mineral composition \[[@bib38], [@bib39]\]. Vesicular basalt is abundant in many parts of the world such as Western Europe, Central America, Western South America, Western and northern part of the Pacific belt [@bib40], Saudi Arabia [@bib41], Central Africa [@bib42] and East Africa [@bib43]. Its abundance, variation in the chemical composition and variation of surface nature depending on the source composition and type of eruption of the magma received considerable interest to assess the ability of locally available vesicular basalt for the removal of Cr (VI) from wastewater.

Thus the objectives of this study were (i) to characterize the locally available vesicular basalt (VB), (ii) to assess the effects of pH, ionic strength, initial concentration of Cr (VI), and contact time on the adsorption of Cr (VI) in aqueous solutions, and (iii) to analyse the adsorption of Cr (VI) onto the VB surface using various kinetic and isotherm models. This experiment therefore attempts to shade some light to the understanding of capturing Cr (VI) is to give management sufficient time and ease of handling for safe disposal of this pollutant that happens to be released into the environment in countries like Ethiopia where control measures are inactive.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

The reagents potassium dichromate (≥99 % purity), diphenylcarbazide solution: prepared by dissolving 250 mg 1, 5-diphenylcarbazide (98 %) in 50 mL acetone (assay ≥99.5 %) following the standard procedures described in APHA [@bib44]. All the reagents were obtained from Fisher scientific. Nitric acid (assay 68--70%) and potassium nitrate (99.0--100% assay) were purchased from BDH laboratory supplies. Sodium hydroxide pellets, (extra pure 98 %) was purchased from Research Lab Fine Chemical Industries and ultra pure water (conductivity = 0.05 μs cm^−1^), was obtained from Evoqua Water Technologies. All the reagents were of an analytical grade and used as received without additional purification. The grey VB rocks that were used in this research were collected around Bahir Dar City (North West of Ethiopia) close to Lake Tana and around the outlet of Abbay (Blue Nile) River. Its geographical location is at about 11°36′00″ N latitude and 37°24′00″ E longitude at an elevation of 1,800 m where all hills are mainly composed of this volcanic rock. The rocks were crushed using Geocrusher and sieved to decipher particle sizes ranging between 90 to 500 μm. These samples were washed with ultra-pure water and dried in an oven at 105 °C overnight. They were let to stand overnight to cool down to room temperature before they were used in the batch adsorption experiments then cooled to room temperature before use and made ready for the batch adsorption experiments.

2.2. Characterization of VB {#sec2.2}
---------------------------

Perkin Elmer Spectrum 65 Spectrometer (USA) was used to record the IR spectra in the mid infrared region (4000--400 cm^−1^) with a spectral resolution of 2 cm^−1^ using a pressed KBr pellet technique. The pellet was prepared by mixing approximately 1.0 % VB with 250 mg KBr and then finely pulverized and put into a pellet forming die. The minerals in the VB were identified by using a Bruker D2-phaser diffractometer using Cu Kα radiation of wavelength, λ = 1.54056 Å, with variable slits at 45 kV/40 mA. Scanning between 10 and 75 (2θ) at a scanning rate of 2° min^−1^ in steps of 0.02°. The morphological investigation and elemental identification of the VB was carried out using scanning electron microscope equipped with energy dispersive spectrometer (SEM-EDS), JEOL, JSM-6500F (Japan) at an accelerating voltage of 15 kV and a beam current of 1--3 nA.

2.3. Determination of pH of point zero charge (pHpzc) {#sec2.3}
-----------------------------------------------------

The pHpzc of the VB samples was determined by batch equilibration technique [@bib45]. 5 g of VB was added to a series of six flasks that contain each 100 mL of 0.01 mol L^−1^ KNO~3~ as a background electrolyte. The initial pH values were adjusted in the pH range of 2--11 using 0.1 mol L^−1^ of HNO~3~ or NaOH. Equilibration was carried out by shaking for 12 hours using Heidolph Unimax 2010 shaker at the speed of 250 rpm at room temperature. Ultimately the dispersions were filtered and the final pH (pH~f~) of the solution was determined. The pHpzc was found from a plot pH~f~ vs. pH~i~. This procedure was repeated at various concentrations of 0.05 and 0.1 mol L^−1^ KNO~3~ solutions.

2.4. Adsorption studies {#sec2.4}
-----------------------

A stock solution of 1000 mg L^−1^ Cr (VI) was prepared by dissolving 2.8289 g of potassium dichromate (K~2~Cr~2~O~7~) using ultra pure water. Standard solutions for adsorption experiments were prepared by a series of dilution of the stock solution using ultra pure water. The ionic strength of the solution was attuned to 0.01, 0.05 and 0.1 mol L^−1^ using KNO~3~ as background electrolyte. The pH of the solution was adjusted in the range of 2--11 using 0.1 mol L^−1^ NaOH and HNO~3~. 5 g of VB was mixed with 100 mL of solution containing 5 mg L^−1^ Cr (VI) in a 250 mL polypropylene Erlenmeyer flask to the point of equilibrium (9 hours) without further control of pH. Control (only the test substance without adsorbent) and blank (only the adsorbent without the test substance) experiments have been carried out for each set of experiment. The flasks were tightly wrapped with polyethylene parafilm to avoid pH changes during experiments due to CO~2~ escape. The reactions were taking place at 25 ± 0.5 °C with continuous stirring at 300 rpm.

After the end of each adsorption process, it was allowed to settle for 5 minutes. Subsequently the final pH was measured. The pH changes in the experiments were observed up to a maximum value of 1. 10 mL of the supernatant sample was centrifuged and filtered through Whatman filter (pore size 2.5 μm) and the concentration of Cr (VI) was determined using UV-Vis spectrophotometer (Perkin Elmer Lambda 35, USA) by using diphenylcarbazide at maximum absorption of 540 nm [@bib44]. Each experiment was conducted in triplicate and data represent the mean value. Before each measurement, the instruments were calibrated with standard solutions. The amount of chromium adsorbed at time t, q~t~, and the adsorbed percentage were calculated using Eqs. [1](#fd1){ref-type="disp-formula"} and [2](#fd2){ref-type="disp-formula"}, respectively.$$q_{t\ } = \frac{\left( {C_{o} - C_{t}} \right) \times V}{m}$$$$A\left( \% \right) = \frac{\left( {C_{o} - C_{t}} \right)}{C_{o}} \times 100$$where, $q_{t\ }\ $ the amount of chromium adsorbed per unit mass of the adsorbent (mg g^−1^), $C_{o}$ is initial concentration of chromium in contact with adsorbents (mg L^−1^), $C_{t}$ is concentration of chromium in aqueous phase at time t (mg L^−1^), $V$ is initial volume of the aqueous phase in contact with the adsorbents (L), $m$ is mass of the adsorbent (g) and $A$ (%) is adsorbed amount given as percentage at time t.

2.5. Adsorption kinetics {#sec2.5}
------------------------

The adsorption kinetic experiments for adsorption of Cr (VI) were carried in 500 mL flask containing 5 g of VB and 350 mL solutions with initial concentrations of 0.1, 1 and 5 mg L^−1^ Cr (VI) at an optimum pH and contact time between 0 to 720 min. The reactors agitation speed, temperature and volume of the sample taken and analysis were identical to the description given above in adsorption studies.

The adsorption kinetics of Cr (VI) onto the VB, experimental data was modelled by fitting pseudo-first order [(3)](#fd3){ref-type="disp-formula"} and pseudo-second-order adsorption kinetic equations [(4)](#fd4){ref-type="disp-formula"} [@bib46]:$$\log\left( q_{e} - q_{t} \right) = \log\ q_{e} - \frac{k_{1}t}{2.303}$$$$\frac{t}{q_{t}} = \frac{1}{k_{2}{q_{e}}^{2}}\  + \ \frac{t}{q_{e}}$$where $q_{e}$(mg kg^−1^) is the amounts of Cr (VI) adsorbed at equilibrium; $q_{t\ }\ $(mg kg^−1^) is the amount of Cr (VI) at time t (min), and $\text{k}_{1}$ (min^−1^) and $\text{k}_{2}\ $(kg mg^−1^min^−1^) are the rate constants of the pseudo-first-order and pseudo-second-order adsorption kinetic equations, respectively.

2.6. Adsorption isotherms {#sec2.6}
-------------------------

For adsorption isotherm studies, a series of 250 mL Erlenmeyer flasks were filled with 100 mL Cr (VI) solution of varying concentrations (0.1--5 mg L^−1^), maintained at 25 ± 0.5 °C, reaction time of 540 min and optimum pH of 2. Then 5 g VB was added into each flask. After adsorption equilibrium time the concentrations of Cr (VI) was determined using the procedure in Section [2.4](#sec2.4){ref-type="sec"}. At the end of this experiment, two most commonly used isotherm adsorption models, the Langmuir and Freundlich, were used to describe the obtained equilibrium data. The linear equations of Langmuir [(5)](#fd5){ref-type="disp-formula"} and Freundlich [(6)](#fd6){ref-type="disp-formula"} adsorption models were expressed as follows [@bib47].$$\frac{C_{e}}{q_{e}} = \frac{1}{b\ q_{max}} + \frac{C_{e}}{q_{max}}$$$$\log\ q_{e} = \log\ K_{f} + \frac{1}{n}\log\ C_{e}$$where $C_{e}$ is the equilibrium concentration (mg L^−1^); $q_{e}$ is the adsorption capacity at equilibrium time (mg kg^−1^); $q_{max}$ is the maximum adsorption capacity (mg kg^−1^); b is the Langmuir constant (L mg^−1^); K~f~ is the Freundlich constant (L kg ^−1^); 1/n is the heterogeneity of the sorption sites.

3. Results and discussion {#sec3}
=========================

3.1. Adsorbent characterization {#sec3.1}
-------------------------------

Instrumental techniques including FT-IR spectroscopy, Powder X-ray diffraction (XRD), scanning electron microscopy (SEM), and EDS have been employed to characterize the vesicular basalt adsorbent used in this study.

3.2. FT-IR analysis {#sec3.2}
-------------------

The FT-IR spectroscopic measurement of the VB volcanic rock is shown in [Fig. 1](#fig1){ref-type="fig"}a. The band in the region 3000--3700 cm^−1^, maximum peak at 3430 cm^−1^ was due to −OH symmetric stretching vibration and in the region 1600--1700 cm^−1^ a maximum peak at 1634 cm^−1^ was fundamental bending vibrations of H-OH \[[@bib27], [@bib48]\]. The spectral features displayed in the reststrahlen band region (1200--800 cm^−1^) revealed more overlap and are comparable to mineral features in the range of silica polymerization such as plagioclase, pyroxene and olivine ([Fig. 1](#fig1){ref-type="fig"}b). Such mineral composition is typical for basaltic rocks \[[@bib49], [@bib50]\]. In this region silicon absorption features moved to lower wave numbers owing to changes in the Si-O-Si stretching vibrations as a function of decreasing Si-O polymerization \[[@bib51], [@bib52], [@bib53]\]. The FT-IR spectra showed absorption bands at 766 cm^−1^, 535 cm^−1^ and 584 cm^−1^ due to O-Si-O bending of silicates, Fe-O bending of hematite and magnetite respectively [@bib54]. In the range of 400--600 cm^−1^ numerous vibration bands were produced at 420, 428, 456, 470 and 480 which are the characteristics of the deformation vibration of Si-O \[[@bib55], [@bib56]\].Fig. 1Infrared spectrum of powdered VB sample between wavenumber ranges 4000--400 cm^−1^ a); Zoom in of FT-IR spectrum of a) between wavenumber ranges 500--400 cm^−1^ b).Fig. 1

3.3. XRD analysis {#sec3.3}
-----------------

Identification of minerals in the VB was carried out based on the XRD patterns given by the Joint Committee for Powder Diffraction Standards (JCPDS) patterns of inorganic compounds. The X-ray diffractogram of powdered VB and its analysis is shown in [Fig. 2](#fig2){ref-type="fig"}. The diffractogram analyses of powdered VB revealed the presence of plagioclase, pyroxene (augite), quartz, olivine, goethite, hematite and magnetite, which is in agreement with other studies \[[@bib57], [@bib58], [@bib59]\]. As can be seen from XRD spectrum, plagioclase is the most abundant mineral followed by Pyroxene (augite) and quartz. Moreover, the diffractogram revealed the presence of olivine, goethite, hematite and magnetite in the analyzed sample \[[@bib60], [@bib61], [@bib62], [@bib63]\]. In general, the minerals identified from the VB were in agreement with the FT-IR analyses verifying the principal minerals identified.Fig. 2X-ray diffractogram of powdered vesicular basalt sample. Mineral assignment: (![](fx1.gif)) Plagioclase, (![](fx2.gif)) Pyroxene, (![](fx3.gif)) Olivine, (![](fx4.gif)) Quartz, (![](fx5.gif)) Hematite, (![](fx6.gif)) Goethite and (![](fx7.gif)) magnetite.Fig. 2

3.4. SEM/EDS analysis {#sec3.4}
---------------------

The SEM image and EDS analysis of the VB are provided in [Fig. 3](#fig3){ref-type="fig"}a and b below. The SEM micrographs showed homogeneous and corrugated morphology consisting of grey, light grey and white platelets of different sizes. The SEM micrographs indicate feldspars (plagioclase) with uniform grey part; light grey is the silica and white platelets are Fe-bearing aluminosilicate which is in agreement with the literature of these minerals that has been identified by direct comparison to their SEM micrographs \[[@bib64], [@bib65]\]. The elemental composition in [Table 1](#tbl1){ref-type="table"}a indicated that the dominant elements in the VB are oxygen (O) and silicon (Si) whose percentage compositions by weight are 48.46 and 17.37 % respectively. Other elements aluminium (Al), iron (Fe), calcium (Ca), sodium (Na), potassium (K) and magnesium (Mg) are also identified in the sample.Fig. 3SEM image and EDS spectra of VB (a) and (b) before adsorption; SEM image and EDS spectra of VB (c) and (d) after Cr (VI) adsorption.Fig. 3Table 1Elemental composition of the VB before adsorption (a) and after adsorption (b) from the EDS analysis.Table 1ElementWeight %Atomic %**(a)**O K48.4663.42Mg K0.870.7Al K9.556.95Si K17.3714.62Ca K8.84.31FeK8.833.93NaK4.875.27K K1.250.8Totals100100**(b)**O K46.4154.63Mg K0.850.76Al K9.527.91Si K17.2514.17Ca K7.95.08FeK8.646.83NaK4.467.5Cr K4.973.12Totals100100[^1]

To confirm the VB in the removal of Cr (VI), SEM-EDS analysis of the exhausted adsorbent was done ([Fig. 3](#fig3){ref-type="fig"}c and d). Though it is difficult to get information about the adsorption of Cr (VI) using SEM image, from the EDS spectrum, the chromium peak is observed clearly of 4.95 % ([Table 1](#tbl1){ref-type="table"}b). The presence of this peak after adsorption process confirms that the VB has the capability to adsorb chromium (VI) from aqueous solution.

3.5. Effect of pH and ion strength {#sec3.5}
----------------------------------

Effect of pH and ionic strength were investigated for the adsorption of Cr (VI) on vesicular basalt surface, as shown in [Fig. 4](#fig4){ref-type="fig"}a. Maximum removal of Cr (VI) was observed at acidic pH ranges with 81.19 % removal at pH 2. As the pH of the solution increased, the percentage of removal of Cr (VI) decreased and its adsorption capacity reached under 10 %. pH affected adsorption capacity of a system due to its influence on the surface properties of VB and the ionic forms of chromium in solution. In acidic condition HCrO~4~^−^ exist with higher domination, whereas the dominant species changed to CrO~4~^2−^ when pH \> 6 [@bib66]. The pHpzc of the VB at different concentrations of KNO~3~ was found to be 7.6 ([Fig. 4](#fig4){ref-type="fig"}b). After equilibration, the change in the pH~f~ was observed at lower pH~i~ (2--5) and higher pH~i~ (8--11) values. But in the pH~i~ range of 6--8, there was no significant change in the pH~f~. This implies that in this pH~i~ ranges the pHpzc is almost independent of ionic strength of KNO~3~ solution. According to Sheng et al. [@bib67], a solid surface is positively charged at pH \< pHpzc and negatively charged at pH \> pHpzc. In this study at pH \< 5, the surface of the VB was highly protonated with positive charges, which facilitated the adsorption of HCrO~4~^−^ species, resulting in high adsorption efficiencies [@bib68]. When the pH \> 7. 6, the surface of the VB developed less positively charged ions, which would reduce the electrostatic attractions between the VB surface and negatively charged species, lowering the adsorption efficiencies. Also, the competition of OH^−^ for the limited adsorption sites became more serious with increasing solution pH. Thus, pH 2 was taken as an optimal condition in this work. Therefore all other adsorption experiments were conducted at pH 2 to ensure for maximum removal of Cr (VI) onto the VB.Fig. 4(a) Effect of pH and ionic strength for Cr (VI) adsorption onto the VB (dose 50 g L^−1^; Cr (VI) conc. 5 mg L^−1^: temperature 25 ± 0.5 °C); (b) pH~f~ Vs. pH~i~ of the VB suspension with different concentrations of KNO~3~ as a background electrolyte.Fig. 4

Ionic strength is another factor that affects adsorption of a system. [Fig. 4](#fig4){ref-type="fig"}a shows adsorption of Cr (VI) onto VB using different ionic strength (0, 0.01, 0.05 and 0.1 mol L^−1^) as a function of pH (2--11). The percentage of removal of Cr (VI) decreased with increasing of ionic strength in aqueous solutions. The removal of Cr (VI) decreased in the range of 1.28--4.47 % on the basis of stated ionic strength and pH ranges. This is presumed to be due to (1) competition of NO~3~^−^ with HCrO~4~^−^ or CrO~4~^2−^ with the surface of VB; (2) effect of increased ionic strength on the transformation of Cr (VI) from aqueous solutions to the VB surfaces, and (3) with increasing ionic strengths 0--0.1 mol L^−1^, the electrostatic repulsions would be reduced lowering the available active sites on VB surface [@bib69].

3.6. Effect of contact time and adsorption kinetics {#sec3.6}
---------------------------------------------------

The kinetic studies obtained for the adsorption of Cr (VI) from aqueous solutions onto VB surface are shown in [Fig. 5](#fig5){ref-type="fig"}. The time required to reach equilibrium for initial concentrations of 0.1 mg L^−1^, 1 mg L^−1^ and 5 mg L^−1^ were 180, 360 and 540 min, respectively. For lower initial concentrations (0.1 mg L^−1^), the adsorption process took place very quickly, with a maximum adsorption of 1.93 mg kg^−1^. For higher initial concentration of 5 mg L^−1^, the maximum adsorption of VB at equilibrium was 79.20 mg kg^−1^. This is in agreement with other adsorption studies of Cr (VI) from aqueous solution onto a solid surface \[[@bib70], [@bib71]\].Fig. 5Effect of contact time on adsorption of different concentrations of Cr (VI) ions (0.1, 1.0, and 5.0 mg L^−1^) on VB. (Adsorbent dose 50 g L^−1^, solution pH 2.0 and reaction temperature 25 ± 0.5 °C).Fig. 5

A comparison of the results with the correlation coefficients is shown in [Table 2](#tbl2){ref-type="table"}. The correlation coefficients for the first-order kinetic model obtained at the studied concentrations (0.1, 1 and 5 mg L^−1^) were low. The $q_{e}$ values from the graph of pseudo-first-order equation ([Fig. 6](#fig6){ref-type="fig"}a) showed significant variation from experimental $q_{e}$ values. Thus this kinetic model might not be sufficient to describe the mechanism of Cr (VI)--VB interactions.Fig. 6Kinetics for the adsorption of Cr (VI) onto VB: a) Pseudo-first-order; b) pseudo-second-order \[(initial concentration (0.1, 1 and 5 mg L^−1^), solution pH 2, adsorbent dosage 50 mg L^−1^, temperature 25 ± 0.5 °C)\].Fig. 6Table 2Kinetic parameters for Cr (VI) adsorption onto VB.Table 2$\mathbf{C}_{\mathbf{o}}\left( \mathbf{mg}\mathbf{L}^{- 1} \right)$Pseudo-first-orderPseudo-second-order*k*~1~(*min*^−1^)*q~e~* (*mg kg*^−1^)*R*^2^*k*~2~(*kg mg*^−1^*min*^−1^)*q~e~* (*mg kg*^−1^)*R*^2^50.011.140.9380.00183.330.99910.0169.530.9230.0120.410.9990.10.0149.890.9890.342.090.997

The plot of $\ {t\ q_{t}}^{- 1}$ versus t ([Fig. 6](#fig6){ref-type="fig"}b) produces very good straight lines for different initial Cr (VI) concentrations. The correlation coefficients (R^2^) for the second-order kinetic equation were ≥0.99 for all concentrations ([Table 2](#tbl2){ref-type="table"}). The calculated $q_{e}$values also agreed well with the experimental data. These indicate that the pseudo-second- order kinetic model is suitable for describing the adsorption kinetics of Cr (VI) on VB.

3.7. Adsorption isotherm studies {#sec3.7}
--------------------------------

The interactive behaviour between adsorbate and adsorbent was described using Langmuir and Freundlich equilibrium adsorption models. The linear plots of Langmuir and Freundlich isotherm equations are displayed in [Fig. 7](#fig7){ref-type="fig"}a & b, respectively. Moreover, adsorption constants and correlation coefficients are shown in [Table 3](#tbl3){ref-type="table"}. The correlation coefficients (R^2^) obtained from these equations, were used as the fitting criteria to find out these models. It was found that the plots were well fitted with Freundlich isothermal adsorption models (R^2^ = 0.96). The slope (1/n) was 0.783 kg L^−1^ which is in the range of 0 and 1. This indicates that adsorption conditions were favourable and chemisorptive type of sorption was taking place rather than physical adsorption between aqueous Cr (VI) solution and VB surface [@bib72].Fig. 7The fitting of Langmuir (a) and Freundlich (b) isotherms of Cr (VI) adsorption of onto VB volcanic rock, pH 2, dose 50 g L^−1^.Fig. 7Table 3Langmuir and Freundlich isotherms constants for the adsorption of Cr (VI) onto VB.Table 3Langmuir modelFreundlich Modelq~max~ (mg kg^−1^)b (L mg^−1^)R^2^K~f~ (L kg^−1^)1/nR^2^104.02.160.8036.070.7830.96

The adsorption capacity of the VB for the removal of Cr (VI) was compared with other adsorbents reported in literature. The values of adsorption capacities with their experimental settings are presented in [Table 4](#tbl4){ref-type="table"}. The VB indicated good adsorption potential for Cr (VI) in aqueous solution. Based on its large availability, preparation process and general cost, it might hold superiority compared with other adsorbents and could be ideal to reduce Cr (VI) contaminated water from industries or other sources.Table 4Comparison of adsorption capacity Cr (VI) onto VB with other adsorbents.Table 4AdsorbentspHParticle size (μm)Adsorbent dosage (g L^−1^)Metal conc. (mg L^−1^)Adsorption capacity (mg kg^−1^)ReferenceClay (treated)*2.575*2010200[@bib71]Palygorskite clay7-210058480[@bib73]Kaolinite4.6-2506100[@bib74]Volcanic pumice275--4251001046.05[@bib37]Riverbed sand2.5-207.84150[@bib75]VB290--50050579.20This study

3.8. Adsorbent cost {#sec3.8}
-------------------

The average cost of VB in the year 2017 was about US \$14 ton^−1^ in Bahir Dar City (Ethiopia). This cost includes all expenses like transportation, electrical power for crushing, human labour etc. In [Table 5](#tbl5){ref-type="table"} below the estimated cost of other adsorbents are compared with the naturally available VB. This price is very low and it is promising for the treatment of Cr (VI) containing wastewater for low income countries.Table 5Estimated cost of VB and other adsorbents reported in literature.Table 5AdsorbentsPrice (US \$ ton^−1^)ReferenceNatural Zeolite840.34[@bib76]Fly ash490.2[@bib76]Commercial activated carbon20000[@bib77]Diatomite (for adsorbent)92[@bib78]Perlite\<1500[@bib79]Commercial granular activated carbon3300[@bib80]VB16This study

4. Conclusion {#sec4}
=============

In this study, VB rocks were tested for the removal of Cr (VI) from aqueous solutions. The VB was characterized using FT-IR, XRD and SEM-EDS spectroscopic techniques. The instrumental analysis indicated that plagioclase, pyroxene, silica, olivine, goethite, hematite and magnetite were the main components of VB. The influences of pH and ionic strength on the adsorption capacity of Cr (VI) onto the vesicular volcanic rock were investigated. The percentages of adsorption Cr (VI) were higher at low pH but decreased with increasing pH. At pH 2 the maximum Cr (VI) adsorbed onto the vesicular basalt volcanic rock was 81.2 %. The ionic strength reduced Cr (VI) adsorption on VB volcanic rocks to a certain extent. Kinetic studies indicated that the time required to reach adsorption equilibrium depends on the initial Cr (VI) concentrations; lower initial concentration reaches equilibrium faster than the other higher initial concentrations. The maximum adsorption capacity of Cr (VI) at equilibrium was 79.20 mg kg^−1^ at a dose of 50 g L^−1^ with initial Cr (VI) concentration of 5 mg L^−1^ at optimum pH of 2.0. It was found that the pseudo-second-order kinetic model could be used to describe the individual adsorption of Cr (VI) on VB. The adsorption isotherm data were fitted well with the Freundlich model slope (1/n) 0.78 kg L^−1^ indicating that the VB surface was heterogeneous and favourable for adsorption. Therefore, removal of Cr (VI) from polluted water by adsorption onto VB volcanic rocks as alternative low cost adsorbent appears to be feasible. Further studies have to be done using real samples from industrial effluents, along with the management options of changing the VB frequently in constructed wetlands, handing of the used VB in environmentally safe procedures and other related issues.
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[^1]: "K" represents the combined X-ray lines of K~α1~ and K~α2~ in the inner shell of an atom.
